We have studied the structural, electronic and mechanical properties of TiC x O y , using first principles calculations based on the density functional theory and pseudopotential method, within the generalized gradient approximation for the exchange-correlation functional. These calculations provide the lattice parameter, density of states, cohesive energy, elastic constants and moduli as a 3
Introduction
Transition metal compounds, such as TiC and TiO, belong to the class of refractory metal compounds. In stoichiometric condition they exhibit a cubic B1 type structure, but commonly produced films are substoichiometric with vacancies on both metal and non-metal sublattices. They can show metallic as well as covalent and ionic properties, exhibiting a unique combination of characteristics that allow them to be serious candidates for a wide range of high-technology applications in many fields, such as metallurgy, aeronautics, electronics and medicine [1] [2] [3] [4] [5] [6] . However, most applications of the transition-metal carbides rely upon their extreme hardness and wear resistance, characteristic of covalent crystals, in order to decrease wear in a variety of components [1] .
The pursue of new and multifunctional applications, have prompted many investigations on this kind of refractory compounds. In this respect, the addition of oxygen to the Ti-C matrix allows the tailoring of film properties between those of metal carbides, as the case of TiC, and those of the correspondent large ionic oxides, with the consequent wide variation in the materials properties.
In this work, ab initio density functional theory calculations were performed to investigate the effect of oxygen/carbon content on the structural, electronic and mechanical properties of TiC x O y structures. The calculations provide insight into theoretical lattice parameter, density of states, cohesive energy, elastic constants and moduli as a function of carbon and oxygen content, which results are found generally in good agreement with experiments, performed by us and other research teams, as well as other theoretical calculations. To our knowledge, this is the first theoretical study of the mechanical properties of TiCO compounds.
Computational method
The first principles calculations were performed within the density functional theory [7] (DFT)
formalism, using the Cambridge Serial Total Energy Package (CASTEP) software [8] . The CASTEP software solves the Kohn-Sham equations with periodic boundary conditions and the 4 pseudopotential method as an approximation of the atomic core -valence electron interaction, while the electronic wavefunctions are expanded in a plane wave basis. We adopted the norm conserving pseudopotentials provided within the package and the generalized gradient density approximation of Perdew, Burke and Ernzerhof (GGA-PBE) [9] for the exchange-correlation functional. The Brillouin zone was sampled with the Monkhorst-Pack scheme [10] using a k point separation of 0.04 Å -1 in a 6x6x6 grid in reciprocal space. A plane wave energy cutoff of 660 eV and an energy convergence limit of 5×10 -7 eV/atom were used in total energy calculations, guaranteeing a high level of
convergence.
An eight atom cubic unit cell model with rock salt structure was used to calculate the ground state energy, lattice parameter, density of states and elastic constants of TiC x O y films. In order to study the effect of oxygen incorporation on the properties of TiC, some carbon atoms in the initial TiC structure were replaced by oxygen atoms. The geometries of structures were fully optimized using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization technique with the following tolerances: energy changes less than 5×10 -6 eV/atom, residual force is less than 10 -2 eV/Å, displacement of atoms is less than 5×10 -4 Å and residual bulk stress is less than 2×10 -2 GPa.
The cohesive energy was calculated in the usual way from the difference in total energy between the isolated atoms and the TiC x O y compound
with n Ti , n C , n O being the number of titanium, carbon and oxygen atoms in the compound, respectively.
The shear modulus (G), was obtained from the Bulk modulus (B) and Young modulus (E) values
calculated by CASTEP, using the following equation
Experimental details
In order to compare the calculated mechanical properties with experimental ones, TiC x O y films were prepared by dc reactive magnetron sputtering from a TiC target, using a laboratory-size deposition system. A gas atmosphere composed of argon and oxygen was used. The structural features (crystalline phase and lattice parameters) were investigated by X-ray diffraction (XRD) in the Bragg-Bretano configuration, using monochromatic Cu Kα radiation. The Young's modulus was determined from hardness experiments, carried out with an ultra low load-depth sensing Berkovich nanoindenter from CSM Instruments (Switzerland), using the loading and unloading curves,.
Results and discussion structures. [11, 12] However, our calculations overestimate the cohesive energy of TiC, and probably TiO, relative to experiments by more than 20%, which can be attributed to systematic errors in the description of the exchange-correlation term and/or to an improper accounting of the final states of isolated atoms [11] .
The elastic constants and moduli for stoichiometric TiC are also in very good agreement with results from other simulations and experiments. Note also, that the lattice parameter, cohesive energy and elastic moduli decrease with the introduction of vacancies in the carbon sublattice, which is confirmed experimentally. Table 2 shows the equilibrium lattice parameter and cohesive energy for TiC x O y with different carbon and oxygen content. There is a good agreement between the calculated lattice parameters and experimental ones, with calculations deviating less than 1%. Note, that our calculations are for stoichiometric bulk material, whereas our measurements are for overstoichiometric thin film, with thickness 1-3 μm, which is probably why the calculations are in better agreement with experimental data for stoichiometric bulk material. The lattice parameter and cohesive energy were found to decrease with the increase of oxygen content by substitution of carbon by oxygen atoms in the lattice. The decrease of cohesive energy (binding energy of atoms for crystals) is related with the increasing metallic character of the compounds, due to the weakening of covalent part of bonding with respect to the metallic one, as discussed above. The insertion of an oxygen atom as an interstitial in the TiC structure is accompanied by a strong increase of the lattice parameter, characteristic of the presence of impurity interstitials in a lattice.
It is well known that elastic moduli are correlated with certain material properties, such has hardness, strength, ductibility, etc. The Bulk modulus is related with average atomic bond strength, which is strongly correlated with cohesive energy, whereas the shear and Young's modulus are associated with material intrinsic Hardness, with a larger moduli corresponding generally to harder materials. Pettifor [13] suggested that Cauchy pressure can be used to describe the metallic character of atomic bonding (ductibility/brittleness), being positive for ductile materials and negative for brittle semiconductors. Table 3 (see table 1 ) and for high oxygen content, which confirms an increase in the metallic character of the compounds.
Conclusion
We studied the electronic, structural and mechanical properties of TiC x O y structures, using an ab and TiO structures compared with other calculated and experimental (Expt) data. 
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